The processes by which solvated electrons are generated and undergo recombination are of great interest in condensed phase physical chemistry because of their relevance to both electron transfer reactions and radiation chemistry. Although most of the work in this area has focused on aqueous systems, many outstanding questions remain, especially concerning the nature of these processes in low polarity solvents where the solvated electron has a fundamentally different structure. In this paper, we use femtosecond spectroscopic techniques to explore the dynamics of solvated electrons in tetrahydrofuran ͑THF͒ that are produced in two different ways: ejection by multiphoton ionization of the neat solvent, and detachment via the charge-transfer-to-solvent ͑CTTS͒ transition of sodide (Na Ϫ ). Following multiphoton ionization of the solvent, the recombination of solvated electrons can be well described by a simple model that assumes electrons are first ejected to a given thermalization distance and then move diffusively in the presence of the Coulombic attraction with their geminate cation. The short-time transient absorption dynamics of the THF radical cation in the visible region of the spectrum do not match the kinetics of the solvated electron probed at ϳ2 m, indicating that caution is warranted when drawing conclusions about recombination based only on the dynamics of the solvent cation absorption. With ϳ4 eV of excess energy, geminate recombination takes place on the hundreds of picoseconds time scale, corresponding to thermalization distances у40 Å. The recombination of solvated electrons ejected via CTTS detachment of Na Ϫ , on the other hand, takes place on two distinct time scales of р2 and ϳ200 ps with kinetics that cannot be adequately fit by simple diffusive models. The fraction of electrons that undergo the fast recombination process decreases with increasing excitation energy or intensity. These facts lead us to conclude that electrons localize in the vicinity of their geminate Na atom partners, producing either directly overlapping or solvent-separated contact pairs. The distinct recombination kinetics for the two separate electron generation processes serve to emphasize the differences between them: multiphoton ionization produces a delocalized electron whose wave function samples the structure of the equilibrium fluid before undergoing localization, while CTTS is an electron transfer reaction with dynamics controlled by the motions of solvent molecules adjacent to the parent ion. All the results are compared to recent experiments on the photodetachment of electrons in aqueous systems where contact pairs are also thought to be important, allowing us to develop a qualitative picture for the mechanisms of electron generation and recombination in different solvent environments.
I. INTRODUCTION
Solvated electrons are excess charges in a liquid that are not associated with a single solvent molecule. Instead, these electrons are physically confined in a cavity between solvent molecules and have an electronic structure determined by the cavity's fluctuating size and shape. Because solvated electrons are important in radiation chemistry, 1 serve as intermediates in charge transfer reactions, 2 and provide model systems for understanding the role of quantum dynamics in the condensed phase, 3 they have been the subject of intense study over the past few decades. The outstanding questions to be addressed include the mechanism by which the excess electrons are generated and the manner by which they become localized in the solvent cavity. The initial work in this field addressed these questions by studying the free ion yield of solvated electrons produced using pulse radiolysis. 1 More recently, the advent of tunable ultrafast laser sources has offered the opportunity to observe directly the electron generation and localization processes following multiphoton ionization of the neat liquid. [4] [5] [6] [7] [8] [9] [10] [11] Accompanied by quantum simulations, 12 the general picture that has emerged is that the initial step in the photoionization process consists of vertically exciting electrons into the conduction band of the liquid. These initially prepared electrons ͑which likely correspond to ''dry electrons'' in the literature͒ resemble plane a͒ Author to whom correspondence should be addressed; electronic mail: schwartz@chem.ucla.edu waves in the conduction band of a solid, but are distorted and localized by the disorder of the fluid. The liquid responds to the presence of the electron by expanding a small cavity where part of the electronic wave function resides; this further localizes the spatial extent of the wave function, leading to formation of a solvated electron. It is also possible that the electron can be trapped in an electronically excited state during the localization process ͑likely corresponding to the ''wet'' or ''pre-solvated'' electron in the literature͒; this excited state then relaxes nonradiatively to the ground state, leading to the equilibrium solvated electron.
Following ejection and localization, solvated electrons can undergo diffusive motion, leading to the possibility of recombination with the product species from which the electron was generated ͑geminate recombination͒. 13 The average distance at which a photoejected electron localizes from its parent is known as the thermalization length; the more excess energy provided by the photons, the greater the thermalization length. Once ejected and thermalized, the electron and its geminate partner move diffusively ͑and possibly under the influence of their mutual Coulomb attraction if the partner is charged͒, so that there is some probability that they recombine.
14 Solvated electrons produced with a greater thermalization length take longer to recombine and have a higher probability for escaping recombination than electrons produced with smaller thermalization lengths. Thus, the kinetics of recombination can be used to learn about the electron ejection process: by using transient absorption spectroscopy to monitor the number of electrons that survive as a function of time, the thermalization length can be inferred.
While the thermalization and recombination kinetics of solvated electrons have been studied in a variety of solvents, by far the most attention has been lavished on aqueous systems. [4] [5] [6] [7] [8] For water, once the changing order of multiphoton processes with excitation wavelength is accounted for, it is clear that increasing excitation energy above the ionization threshold leads to an increased thermalization length for the ejected electron. 15 Depending on the excitation energy, recombination typically occurs on a time scale of tens to hundreds of picoseconds. It is also worth noting that the recombination kinetics in aqueous systems is somewhat complicated by the fact that the water cation produced upon photoionization reacts essentially instantaneously with a nearby water molecule to produce H 3 O ϩ and OH•. The hydrated electron recombines preferentially with the hydroxyl radical; reaction with the hydronium ion serves only as a minor recombination channel. 7, 16 In contrast, quite a bit less is known about electron generation and recombination in nonpolar liquids. [9] [10] [11] Without the strong dipolar forces present in polar liquids, solvated electrons in nonpolar fluids tend to occupy much larger volumes than their polar counterparts. 17, 18 As a result, the absorption spectrum of solvated electrons in nonpolar and weakly polar solvents tends to peak in the mid-infrared, typically near 2 m 19 ͑the absorption maximum of the hydrated electron, for comparison, is 720 nm 20 ͒. The mid-infrared is a wavelength range that was inaccessible to ultrafast lasers until recently; as a result, essentially all of the work in nonpolar fluids has examined recombination dynamics by monitoring the visible-wavelength absorption of the solvent radical cation. For example, Long, Eisenthal and co-workers studied multiphoton ionization in alkanes and, based on the decay of transient absorptions at several visible wavelengths, claimed that geminate recombination in iso-octane can take place on a sub-picosecond time scale. 9 This fast geminate recombination can be explained by the higher electron mobility and the lower dielectric constant ͑which leads to a larger Coulomb force between the electron and cation͒ of iso-octane relative to polar fluids like water. The absorption of solvent radical cations, however, might also change as a result of processes other than changes in cation population: vibrational energy relaxation, solvation dynamics, or free radical chemistry can alter the absorption spectrum on the same time scale͑s͒ as geminate recombination. Thus, for experiments in nonpolar solvents in which the electron is not being probed directly, these other processes that might affect the cation absorption could possibly masquerade as geminate recombination. 10 In addition to producing solvated electrons by photoionization of the neat solvent, it is also possible to generate solvated electrons by photodetachment of a solute. 21 For example, molecules such as tetramethylphenylene diamine 22 undergo spontaneous ionization following excitation to the first singlet excited state, generating solvated electrons. Recent experiments have found the surprising result that following the photoionization of indole in water, essentially no geminate recombination occurs. 23 Given that the excitation wavelength is usually well below the vertical ionization threshold, so that the thermalization length is expected to be relatively low, this result suggests that there is a large free energy barrier to recombination. A large barrier could be the outcome of having the electron and cation become bound in a solvent-separated contact pair: if the energetic price to disrupt the local solvent structure around the pair is large relative to kT, recombination could be effectively prevented. 23 The presence of solvated electron:geminate partner contact pairs has also been invoked in yet another example of electrons generated via photodetachment from a solute: that of charge-transfer-to-solvent ͑CTTS͒. [24] [25] [26] [27] [28] In contrast to the photoejection process described above, simulations have predicted that electron production via CTTS proceeds via a much different mechanism. 29, 30 In a CTTS reaction, a photon promotes the electron on an anion in solution to a localized excited state ͑the CTTS state͒ which is bound not only by the Coulomb attraction between the electron and the anion nucleus but also by the polarization of the solvent around the anion. Following excitation, the local solvent structure around the anion changes, causing the electron to detach and become solvated in a cavity nearby the parent. Thus, the acronym CTTS is somewhat of a misnomer: the FranckCondon CTTS excitation does not directly produce solvated electrons. For the CTTS process in aqueous halides, simulations suggest that after detachment, the hydrated electron and neutral halogen atom are bound by several kT in a contact pair, separated by only a few angstroms. 30 Once formed, there are two ways for the contact pair to undergo recombi-nation. If the solvated electron's wave function overlaps that of the nearby partner atom, recombination can occur directly via a nonadiabatic transition; the rate for this type of process can be estimated by the Golden Rule. 30, 31 If the solvated electron is held at some distance from its geminate partner, on the other hand, recombination cannot take place until the local solvent structure is disrupted, a situation akin to that of the indole photoionization described above.
Recently, we presented a detailed exploration of the dynamics of electron production following the CTTS excitation of sodide (Na Ϫ ) in tetrahydrofuran ͑THF͒. 32 Our choice of Na Ϫ was based on the spectroscopic convenience afforded by this system: the spectra of both the CTTS ground and excited states, as well as the absorptions of both the solvated electron and neutral sodium atom products, are easily accessible in the visible or near-infrared. Following excitation, we observed the decay of the CTTS excited state and the corresponding appearance of the solvated electron in ϳ700 fs. When exciting at 800 nm near the CTTS band maximum, a majority of the electrons produced undergo geminate recombination in less than 2 ps. In order to fit the observed spectral transients, we had to invoke the presence of a contact pair that undergoes a pseudo-first-order recombination process. Bradforth and co-workers recently have carried out a similar set of experiments for the CTTS transition of aqueous iodide. 28 Like we determined for the Na Ϫ /THF system, Bradforth and co-workers also found that the electron dynamics following CTTS detachment from iodide is best described in terms of recombination of a contact pair. In contrast to the rapid, р2-ps recombination observed following CTTS excitation of sodide in THF, 32 recombination in the aqueous iodide system was observed to take place on a time scale of tens of picoseconds. 28 All of these observations lead to some fundamental questions: Why do the time scales for electron recombination appear to be so much faster in weakly polar fluids like THF than in polar liquids like water? Why is formation of a contact pair important for electrons produced via CTTS but not for electrons generated via multiphoton ionization? Why do contact pairs in water live for so much longer than in low polarity solvents like THF? How does increasing the excitation energy affect contact pair formation following CTTS? How do the observed differences in behavior depend on the interplay between the solute's electronic structure and the solvent dynamics?
The purpose of this paper is to address these and related questions by comparing the production and recombination dynamics of solvated electrons generated by multiphoton ionization to those of solvated electrons produced via CTTS in weakly polar fluids. For solvated electrons produced by multiphoton ionization of THF, we find that recombination occurs on a hundreds of picoseconds time scale with kinetics that are well described by a model assuming ejection at a thermalization length followed by diffusive motion in a Coulomb field. We also find that the absorption dynamics of the solvent cation do not match with those of the solvated electron at early times, showing that at least for the THF system, experiments which probe the cation absorption could erroneously conclude that there are fast recombination kinetics. For electrons produced via CTTS excitation of sodide (Na Ϫ ) in THF, we see two time scales for recombination: a fast recombination on р2-ps-time scale, and a slower recombination on a hundreds of picoseconds time scale. Neither of the recombination decays can be adequately described by a diffusive kinetic scheme, pointing to the importance of both directly overlapping and solvent-separated geminate atom: solvated electron contact pairs following CTTS detachment. All of the results emphasize that direct photoejection is a fundamentally different electron production mechanism than CTTS.
II. EXPERIMENT
The solvent we have chosen for this study is THF. Alkali metal anion solutions can be prepared readily in this solvent, and unlike metal/amine solutions, there are no solvated electrons present at equilibrium, allowing us to cleanly monitor the appearance of solvated electrons produced by detachment following CTTS excitation of sodide. 33 Our choice of Na Ϫ as the CTTS anion of interest is based not only on its spectroscopic convenience 32, 34 but also on the fact that sodium leached out of the walls of the sample cell can act as a contaminant in solutions of the other alkali metal anions. 35 Our procedure for preparing sodium anions is an adaptation of the method of Dye; 36 the details have been reported in our previous paper. 32 For both the neat solvent and sodide CTTS studies, the THF employed was freshly dried over potassium metal before use. All of the experiments performed on samples with different concentrations of Na Ϫ produced identical results, indicating that interactions between neighboring Na anions are not important in any of the dynamics reported here. It is also well known from conductance measurements that there is essentially no ion pairing between the cations and alkali metal anions in these solutions, 37 so the experiments reported below can be regarded as spectroscopic studies of isolated, uncomplexed Na anions.
The laser system used for the femtosecond pump-probe experiments is a regeneratively amplified Ti:sapphire laser ͑Spectra Physics͒ that produces 1 mJ, ϳ120-fs pulses at 790 nm at a 1-kHz repetition rate. The amplified pulses pump a dual-pass optical parametric amplifier ͑OPA͒ that generates tunable signal and idler beams in the infrared. In particular, the idler beam can be tuned through the region near 2 m, allowing easy spectroscopic access to the absorption of the solvated electron in THF, which has its absorption maximum near 2.1 m. 19 In addition to using the OPA outputs directly, both the signal and idler beams may pass through additional nonlinear crystals to produce tunable visible pulses via harmonic generation or by sum frequency mixing with the residual 790-nm fundamental light. The probe light in the experiment is split into signal and reference beams, which are detected on a shot-by-shot basis with matched InGaAs or Si photodiodes as appropriate for the wavelength. The system is sensitive enough to measure absorption changes of ϳ1 mOD averaging as few as 600 laser shots per point; the full details of our pump-probe spectrometer have been described elsewhere. 32, 38 The pump beam intensity was controlled using calibrated neutral density filters. Control experiments on the empty sample container assured that the silica cell walls did not contribute to any of the measured pump-probe signals.
As discussed further below, it is not obvious in the experiments on neat THF how many photons are involved in the multiphoton ionization of the solvent at a given pump wavelength. Thus, to determine the number of photons used to ionize THF, we also measured the intensity dependence of the nonlinear absorbance of neat THF at different pump wavelengths. The setup for this nonlinear absorbance experiment is similar to that recently reported by Crowell and Qian for liquid water. 39 In brief, the energy of a portion of the pump pulse was measured on photodiodes both before and after the THF sample as a function of pump pulse intensity. Calibrated neutral density filters were used to prevent saturation of the diodes at high intensities. Absolute fluences were determined by calibrating the number of counts recorded from the integrated and digitized photodiode signals against a pyroelectric power meter at the highest intensities. The number of photons absorbed in the multiphoton process is then determined by the slope of a log-log plot of absorbance against input intensity.
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III. RESULTS
One of the key aspects of this work is that the solvated electron in THF is a fundamentally different object than the solvated electron in water. Many studies have shown that solvated electrons in nonpolar and weakly polar liquids have a much greater spatial extent than electrons in polar fluids like water. 17, 18, 41, 42 In 2-methyltetrahydrofuran glass, electron paramagnetic resonance experiments indicate that the radius of the solvated electron's cavity is ϳ3.4 Å, and moreover, that only a small fraction of the electron's density is found on the nearest proton sites, implying that the electronic wave function extends out to distances much farther than the first solvent shell. 42 Our picture of the solvated electron in THF is of a quantum mechanical object with the majority of the probability density inside a 3.4 Å diameter cavity, but with tendrils of probability density extending out past the closest solvent molecules. In contrast, the hydrated electron is essentially completely confined within its ϳ2.0 Å radius cavity. 43 As we will see below, the larger size of solvated electrons in THF has important implications for the recombination behavior, especially for those electrons produced by CTTS excitation that are bound in contact pairs. Thus, in the remainder of this section, we present our results on the recombination dynamics of solvated electrons in THF, first for electrons produced by multiphoton ionization of the neat solvent, and second for electrons produced via detachment following CTTS excitation of Na Ϫ .
A. Electron production by multiphoton ionization of neat THF
In this section, we use femtosecond pump-probe spectroscopy to monitor the survival probability of solvated electrons produced by multiphoton ionization of neat THF. We then fit the observed kinetics to a standard model involving diffusion under the influence of the Coulomb potential. This allows us to extract the thermalization length, which can be correlated with the excess energy if the ionization potential and the number of photons absorbed are known. Unfortunately, the ionization potential of liquid THF is not known: The liquid ionization potential will be lower than the gas phase ionization potential of 9.38 eV 44 because the electronic polarizability of the liquid lowers the energy of the free electron and cation relative to vacuum. Following the recent work of Rozenshtein et al. who have studied the photoionization of Rb Ϫ in THF, 45 we can estimate the ionization potential of liquid THF by making use of the Born formula to calculate the polarization energy provided by the solvent. We find that weakly polar fluids such as THF provide ϳ1.8 eV of polarization energy to lower the liquid ionization potential relative to the gas phase value. It is reasonable to use this ϳ1.8 eV polarization energy, along with the ϳ9.4 eV gas phase ionization potential, to estimate that the ionization energy of liquid THF is ϳ7.6 eV. This means that the multiphoton ionization of neat THF requires at least three 395-nm ͑3.1 eV͒ photons, at least four 500-nm ͑2.5 eV͒ photons, and at least four or possibly five 575-nm ͑2.1 eV͒ photons. Figure 1 shows the results of femtosecond pump-probe experiments in which neat THF was ionized with 395-nm photons. The upper panel shows the early dynamics in the first few ps, while the lower panel shows the same transients on the hundreds of ps time scale. The dynamics of the solvated electron were probed at both 1700 ͑thin solid curve͒ and 2100 nm ͑solid diamonds͒; the two transients are indistinguishable within the signal-to-noise. The fact that the dynamics are wavelength-independent indicates that processes such as solvation dynamics that could shift the solvated electron's absorption spectrum are not important on the time scales considered here. 46 Thus, the amplitude of the absorption near 2 m provides a direct measure of the population of solvated electrons, and hence the electron's survival probability. Figure 1 makes it clear that following multiphoton ionization at 395 nm, solvated electrons in THF live for hundreds of picoseconds and undergo no appreciable recombination on the few-ps time scale.
Most previous studies of solvated electron recombination dynamics in nonpolar and weakly polar liquids have relied on probing the visible absorption of the solvent radical cation rather than the infrared absorption of the electron because of the limitations of the ultrafast laser sources available at the time. [9] [10] [11] 47 The heavy solid curves in Fig. 1 show the results of this type of experiment for the 395-nm multiphoton ionization of THF, where the solvent radical cation is probed in the visible at 575 nm. To the best of our knowledge, Fig. 1 represents the first direct comparison of the absorption dynamics of both the cation and electron following multiphoton ionization. The lower panel shows the data normalized to have the same change in absorbance at 8 ps delay; it is clear that the long time decay of the solvent cation absorption matches perfectly with that of the solvated electron, 48 supporting the assignment of this decay to geminate recombination. The upper panel of Fig. 1 shows the same data on shorter time scales, normalized to the maximum change in absorbance. The rapid dynamics of the 575-nm cation transient have no counterpart in the ϳ2-m electron signals; thus, the fast decay at 575 nm cannot correspond to geminate recombination. Instead, the fast dynamics probed at 575 nm likely result from vibrational energy relaxation, solvation dynamics, or another process such as an H atom abstraction reaction that alters the cation's absorption spectrum. If the trend we see for the cation dynamics in THF holds true for other liquids, the conclusions of many of the previous studies that investigated only the solvent cation absorption may need to be reassessed. Figure 2 compares the recombination dynamics of solvated electrons in THF following multiphoton ionization at three different excitation wavelengths: 395 ͑circles-same as the solid diamonds in Fig. 1͒ , 500 ͑crosses͒ and 575 nm ͑open diamonds͒. Consistent with the short-time data in Fig.  1 , none of the transients shows any evidence for geminate recombination on early time scales. Perhaps more surprising, the longer-time recombination dynamics for the different excitation wavelengths are remarkably similar: The dynamics following 500-and 575-nm excitation are the same within the signal-to-noise, and recombination is only marginally slower for ionization with 395-nm photons ͑Fig. 2 inset͒. This leads to some obvious questions, such as: Given that the different excitation wavelengths should provide different amounts of excess energy, why are the recombination dynamics ͑and hence, the thermalization lengths͒ so similar for the three cases? And, why are the recombination decays so slow compared to those seen in other fluids like water? The answer to both of these questions lies in determining precisely how many photons are being used in the ionization process at each excitation wavelength.
Unfortunately, we were unable to determine the order of the multiphoton ionization process simply by measuring the change in the size of the electron absorption signal with excitation intensity: For all three excitation wavelengths, the electron signal scaled linearly with pump power. Since the neat THF sample clearly does not absorb only one photon, this linear power dependence must be indicative of a multiphoton process driven into saturation. In addition to the linear power dependence, all of the dynamics presented in Fig.  2 were independent of excitation intensity for the range accessible in this study. 49 In previous work on the multiphoton ionization of water, the recombination dynamics were found to be strongly intensity-dependent at some excitation wavelengths, showing that the order of the multiphoton excitation process can change with pump power. 4, 15 The intensityindependence of the results presented in Fig. 2 is again consistent with the idea of a saturated multiphoton process: The intensity would likely have to be lowered below our detection threshold to avoid absorption of the last photon, and the lack of intensity dependence suggests there is little probability to absorb additional photons at the higher excitation intensities within reach.
Thus, instead of trying to determine the number of pump photons absorbed by measuring the electrons that are produced, it makes more sense to measure the number of photons absorbed directly. Figure 3 shows the results of a direct, nonlinear absorbance experiment on neat THF; 39 the inset includes a simplified schematic of the experimental setup, and the main figure shows a typical nonlinear absorbance data set for 575-nm excitation. The data are presented as a log-log plot of the absorbance of the THF sample versus the intensity incident on the sample. The results show at least two different intensity regimes of interest. At the lowest pump intensities, the data on the log-log plot have a slope of FIG. 2. Dynamics of the solvated electron's absorption at ϳ2 m following femtosecond excitation of neat THF at a variety of pump wavelengths: 395 ͑open circles, same as solid diamonds in Fig. 1͒ , 500 ͑crosses͒, and 575 nm ͑open diamonds͒. The data are normalized to have the same maximum change in absorbance. The thin solid curves are fits to Eqs. ͑1͒ and ͑2͒; see text for details. Note that the main figure has a highly expanded vertical scale ͑there is a scale break at the bottom of the y axis͒. The inset shows the same data as the main figure on an absolute scale.
ϳ5, indicative of a five-photon absorption process. Given the 2.1-eV energy of each 575-nm photon, this is a reasonable number of photons to be absorbed if the ionization threshold of THF is ϳ8.5 eV, somewhat higher but still in line with our earlier estimate of ϳ7.6 eV. At higher pump intensities, the slope of the curve changes to р1, showing that the initial five-photon process has been driven into saturation: Light at this intensity drives a 5ϩ1 photon absorption process. The data for excitation at 500 nm ͑2.5 eV͒ are similar, except that the initial slope at low intensities is 4, also consistent with our expectations of an ϳ8.5-eV ionization threshold for neat THF. For 395-nm ͑3.1 eV͒ excitation, the data show only a slope р1, indicating that the absorption process was driven into saturation at all intensities explored in the experiment.
Armed with the data in Fig. 3 , we can now construct a consistent picture that explains the data in Figs. 1 and 2 . The sensitivity of our pump-probe spectrometer limits how low we can go in pump intensity and still observe a transient signal. Thus, the pump-probe data presented in Figs. 1 and 2 were taken using pump intensities corresponding to the higher-intensity regime in Fig. 3 . In combination with the observed linear signal dependence and the intensityindependent dynamics, we can conclude that our pumpprobe experiments use more than the minimum required number of photons to ionize THF: We are likely using a 3ϩ1 photoionization at 395 nm, doing a 4ϩ1 photon process at 500 nm, and driving a 5ϩ1 photon process at 575 nm. This means that for all three excitation wavelengths, we are providing ϳ12.5 eV of total energy, or roughly 4 eV of excess energy to the photoejected electrons. This explains why all three transients are so similar, and also explains why the recombination decays are so slow: With such a large amount of excess energy, the thermalization length is expected to be quite large.
We can determine the thermalization lengths for the data in Fig. 2 by fitting the observed recombination decays to a standard model 7, 50 ⍀͑t ͒ϭ1ϪW ϱ W*͑t ͒, ͑1͒
where ⍀(t) is the survival probability for the ejected solvated electron, and
Bϭr c ͑ coth͑Ϫr c /2R ͒Ϫcoth͑ Ϫr c /2r 0 ͒͒/͑ 4ͱDt͒,
where r c is the Onsager radius ͑the distance where the Coulomb energy equals the thermal energy, which for THF at room temperature with a dielectric constant ⑀ϭ7.5 ͑Ref. 51͒ is 72 Å͒, D is the mutual diffusion constant of the recombining species, v is the reaction velocity ͑related to the bimolecular rate constant͒ and erfc(x) is the complementary error function. The model represented by Eqs. ͑1͒ and ͑2͒ assumes that the ejected electrons thermalize at a single distance r 0 from their parents ͑delta-function distribution͒, that both the electron and cation undergo diffusive motion in the presence of their mutual Coulomb attraction, and that the partners recombine instantly when the distance between them becomes less than the reaction radius R. To fit Eq. ͑1͒ to the data in Fig. 2 , we used the known value of the electron diffusion constant in THF of 7.6ϫ10 Ϫ5 cm 2 /s, 52 and assumed that the diffusion constant of the cation is small relative to that of the solvated electron. This leaves the thermalization length r 0 , the reaction radius R and the reaction velocity v as the only adjustable parameters. The solid curves in Fig. 2 are fits of Eqs. ͑1͒ and ͑2͒ to the data. The fitted values of Rϭ11Ϯ1 Å and vϭ1.2Ϯ0.2 m/s were forced to be identical for all three excitation wavelengths; the fitted thermalization lengths r 0 were found to be 46, 42, and 41Ϯ3 Å for 395-, 500-, and 575-nm excitation, respectively.
The fitting parameters so obtained allow for the construction of a convincing physical picture of the microscopic dynamics. The large reaction distance of 11 Å, about twice the value of ϳ5 Å seen in aqueous systems for the hydrated electron/OH radical pair, 16 is reasonable considering the larger radius of the solvated electron in THF than in water. The very large thermalization distances (r 0 ϭ40 Å͒ are consistent with the ϳ4 eV of excess energy imparted to the electron by the 4-, 5-, or 6-photon absorption process for 395-, 500-, and 575-nm excitation, respectively. Finally, the reaction velocity of ϳ1 m/s is of the same order of magnitude of the known value of ϳ4 m/s for the hydrated electron/OH radical pair. 16 From these values we can conclude that the recombination dynamics of solvated electrons with their THF radical cation partners is governed by two competing factors: The large size of the solvated electron in THF, which would make recombination facile for electrons near their geminate cations ͑large R͒, and the very large amount of excess energy deposited by the multiphoton ionization event, which causes the majority of the electrons to thermalize far away so that recombination takes a long time ͑large r 0 ). 
B. Electron production by CTTS excitation of sodide in THF
In this section, we use femtosecond pump-probe spectroscopy to monitor the dynamics of solvated electrons produced following CTTS excitation of Na Ϫ in THF. The CTTS process is a unique way to generate solvated electrons in that it represents the simplest possible electron transfer reaction: The reactants and products have only electronic degrees of freedom, with the solvent behaving as both the promoter and the acceptor for charge transfer. Thus, the CTTS detachment of Na Ϫ not only provides an alternate method than multiphoton ionization for generating solvated electrons in weakly polar fluids, but it also provides an ideal model system for studies of electron transfer.
In our previous paper, we found that following excitation of the CTTS band of Na Ϫ in THF, solvated electrons were produced in ϳ700 fs, the time it takes for solvent motions to cause the electron to be ejected from the initially prepared localized excited state. 32 The dynamics of the solvated electron signal were independent of probe wavelength, suggesting that dynamic solvation does not play an important role in the spectroscopy of the newly formed equilibrium solvated electron. Instead, the transient absorption signals near 2 m directly reflect the population of solvated electrons, so that the rise and fall of the signals correspond directly to the production and recombination of solvated electrons. We also found that the CTTS excited state (Na Ϫ *) has a strong absorption near 590 nm, enabling us to monitor the ϳ700-fs decay of this state due to charge transfer. The neutral sodium atom product (Na 0 ) has a broad absorption which peaks near 880 nm; 53 by probing at 1150 nm, we were able to observe the appearance and disappearance of this species without interference from the Na Ϫ ground state bleach or the absorption of the solvated electron. 32 The observed pump probe transients in our previous paper could be fit well to a simple kinetic model, which we referred to as the ''delayed ejection'' model, 32 
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Since the absorption spectra of Na Ϫ , Na 0 , and e solvated Ϫ are known, the model has only a few adjustable parameters, which are the absorption spectrum of Na Ϫ * and the constants k 1 , k 2 , and k 3 . Equation ͑3͒ represents the photoexcitation, which produces a bleach of the Na Ϫ ground state and generates the ϳ590-nm absorbing Na Ϫ * CTTS excited state. Equation ͑4͒ shows that the CTTS excited state then undergoes charge transfer with time constant 1/k 1 Ϸ700 fs, leading to the delayed appearance of both the solvated electron absorption, which can be probed near 2 m, and the Na 0 absorption, which can be probed cleanly near 1150 nm. The Na 0 •e solvated Ϫ contact pair 54 can then undergo pseudofirst-order recombination with time constant 1/k 2 Ϸ1.5 ps, or the pair can separate, so that only a fraction f ϭk 2 /(k 2 ϩk 3 ) of the electrons undergo recombination, as described by Eqs. ͑5͒ and ͑6͒. For the ϳ500-nm pump wavelength we employed in our previous study, only a fraction f Ϸ0.4 of the electrons undergo recombination with their sodium atom partners in the first few picoseconds following photoexcitation. 32 Although the delayed ejection model fits the observed pump-probe transients remarkably well, it is oversimplistic in that it assumes that the spectra of all the species involved are static. Thus, the minor discrepancies between the fits to the model and the experimental data can be explained either by solvation dynamics that shift the absorption spectrum of the Na 0 product or by spectral diffusion in the ground state bleach. Recent experiments by Ruhman and co-workers have shown evidence for polarized hole-burning in the Na Ϫ /THF system, suggesting that the ground state absorption band is inhomogeneously broadened. 55 Based on analogy with the electronically similar hydrated electron, 56 however, we do not believe that spectral diffusion in the ground state bleach is important for any of the magic angle ͑effectively unpolarized͒ pump-probe scans presented here or in our previous paper. 32 Thus, we believe that the delayed ejection model captures the correct ''zeroth order'' picture of the CTTS process, with the caveat that solvation dynamics on time scales faster than our instrument response undoubtedly lead to spectral shifts of the transient species that are not accounted for in our model. 55 One question we did not address in detail in our previous paper is how the electron production and recombination dynamics vary as the excitation wavelength is tuned through the CTTS absorption band. Figure 4 presents the results of experiments monitoring the ϳ2-m absorption of the THFsolvated electron following excitation at several different wavelengths: 395 ͑thin solid curve͒, 500 ͑dashed curve͒, 575 ͑dotted curve͒, and 640 nm ͑heavy solid curve͒. The upper panel shows the dynamics in the first 8 ps, with the transients normalized to have the same maximum change in absorbance; the lower panel shows the same data on a much longer time scale, with the transients normalized to the same change in absorbance at 8-ps delay. The short-time scans in the upper panel fit well to the delayed ejection model ͑fits not shown for clarity͒: The rates k 1 and k 2 do not change significantly with excitation, while the fraction f of electrons that recombine increases continuously as the excitation is tuned to the red, from р30% with 395-nm excitation to у95% with 800-nm excitation ͑data shown below in Fig. 5͒ .
The invariance of the electron detachment rate k 1 with excitation wavelength 57 tells us quite a bit about the CTTS process. The rough constancy of k 1 is consistent with the basic picture of CTTS excitation being to a localized state. Increasing the excitation energy likely increases the spatial extent of the localized excited-state wave function, causing it to sample regions of the fluid farther from the Na atom core. Despite this extra delocalization, however, the same largeamplitude solvent motions are still required for the electron to detach, so that the CTTS charge transfer is rate-limited by this motion of the solvent. This is in sharp contrast to the results of the previous section, where electrons are ejected directly into the solvent by multiphoton ionization so that there is a direct correlation between the excitation energy and thermalization length. This idea of the CTTS electron detachment rate being roughly independent of excitation energy is consistent with the results of recent MD simulations: The rate limiting step in solvating the species involved in charge transfer reactions involves the translational motions of solvent molecules that accommodate the new size of the solute following detachment of the electron. 58 The invariance of the recombination rate k 2 , combined with the strong dependence of the recombination fraction f on excitation wavelength, provides insight into the nature of the contact pair formed following CTTS. The fact that all the pairs that recombine do so at the same rate while the number of recombining pairs changes with excitation wavelength suggests that two different species can be formed upon CTTS excitation. At low excitation energies, the CTTS excited-state wave function is strongly confined to the region near the sodium nucleus; the resulting solvent motions cannot transport the electron far away from the parent. Since the solvated electron in THF is a highly delocalized object, there is a strong probability that the detached electron's wave function will overlap with that of its geminate sodium atom partner. This overlap leads to a large probability for direct non-adiabatic recombination, which occurs on the observed ϳ1.5-ps time scale. 32 At higher excitation energies, the CTTS excited-state wave function is more delocalized, so there is an increased probability that solvent motions will cause the electron to detach and localize in regions a bit farther out into the fluid. For those electrons that still localize close in, recombination still occurs in ϳ1.5 ps. For those electrons that localize just a little bit farther out, the overlap goes to zero, leading to essentially no probability for direct nonadiabatic recombination. As the excitation energy is increased, a higher fraction of the detached electrons will have no overlap with the nearby Na atom, leading to a lower probability for recombination. Thus, Fig. 4͑a͒ provides evidence for two different types of electrons ejected during the CTTS process: those that localize nearby so that they overlap with their geminate partner, and those that localize far enough away so that overlap with their geminate partner is negligible.
The next logical question to ask is what is the fate of the electrons that are ejected far enough from the Na atom that they do not recombine in the first few ps? Figure 4͑b͒ explores the dynamics of the detached solvated electrons for several hundred picoseconds after CTTS detachment. The electrons that survive the first few ps undergo recombination on a time scale similar to that observed for multiphoton ionization of the neat solvent, as seen in the previous section. If the early recombination dynamics is ignored, we can attempt to fit the long-time tails of the transients shown in Fig. 4͑b͒ to a standard recombination model that assumes a Gaussian distribution of thermalization distances followed by diffusive recombination, 59 ⍀͑t ͒ϭerfc͑ R/ͱ4Dt g ͒ϩ͓R•exp͑
where ⍀(t) is the survival probability of the electron, R is the reaction distance, t g ϭ 2 /2D, D is the mutual diffusion constant ͑which we assume to be equal to the diffusion constant of the electron͒, is the width of the Gaussian distribution of thermalization distances ͑giving ͗r 0 ͘ϭ(8/)
1/2 as the average thermalization distance of the Gaussian distribution͒. The model represented by Eq. ͑7͒ differs from that in Eqs. ͑1͒ and ͑2͒ in that there is no Coulomb potential acting between the recombining species ͑since the Na atom partner is neutral͒ and that there is a Gaussian distribution of initial distances rather than a single initial thermalization distance. The quality of the fits ͑not shown͒, especially the high signal-to-noise scan with 395-nm excitation, is poorer than that seen in Fig. 2 : The functional form represented by Eq. ͑7͒ has the wrong curvature to perfectly describe the data. If the model is employed anyway, the best fit parameters of Eq. ͑7͒ to the data in Fig. 4͑b͒ result in a value of 45Ϯ3 Å for the reaction distance R, and in values of the average thermalization distance ͗r 0 ͘ of 55, 61, 73, and 83Ϯ5 Å for excitation at 640, 575, 500, and 395 nm, respectively.
In addition to the poor functional form, the values of the reaction and thermalization distances obtained by fitting the data in Fig. 4͑b͒ to Eq. ͑7͒ are physically unreasonable. First, the reaction distance R of ϳ45 Å is exceedingly large; even with the highly delocalized wave function of the solvated electron in THF, there is no way that the electron could tunnel through several intervening solvent shells to recombine instantaneously with its geminate Na atom partner from a distance of ϳ45 Å. Second, the average thermalization distances ͗r 0 ͘, which exceed 80 Å, are much larger than thermalization lengths obtained for the multiphoton ionization of the neat solvent discussed above. An ϳ80 Å thermalization distance following the one-photon CTTS detachment makes little sense since the total photon energy involved is only a few eV: It is unlikely that there is enough excess energy available to eject electrons to distances this large ͑cf. the ϳ40 Å ejection distance with ϳ4 eV of excess energy for the multiphoton ionization in the previous section͒. Moreover, we know from Fig. 4͑a͒ that a significant fraction of the ejected electrons thermalize close enough to their partner Na atoms to form overlapping contact pairs and undergo recombination in Ͻ2 ps. It is difficult to imagine a mechanism that causes some ejected electrons to remain close to their partners in an overlapping contact pair while the remaining electrons are ejected up to 80 Å away. Thus, the only conclusion that can be drawn from the fits to the data in Fig. 4͑b͒ is that a diffusive process is not the best description of the recombination seen at long times following CTTS detachment.
The fact that simple diffusion models like Eq. ͑7͒ cannot adequately describe the data in Fig. 4͑b͒ leads us to propose an alternate picture to explain the long-time recombination following CTTS. Following CTTS excitation, solvent motions cause the electron to detach and solvate nearby the geminate Na atom. At low excitation energies, the electron ejection distance is likely to be on the order of 3 to 4 Å; since the radius of the solvated electron in THF is ϳ3.4 Å, 42 there is enough overlap to lead to direct nonadiabatic recombination on the ϳ1.5-ps time scale. At higher excitation energies, the electron can be ejected just far enough away so that there is an intervening solvent molecule between the electron and the Na atom, forming a solvent-separated contact pair that has negligible wave function overlap. We believe that the Na 0 /e solvated Ϫ solvent-separated contact pair has behavior similar to that seen following ionization of indole: Even though recombination is energetically favorable, there is a large free energy barrier to break up the solvent structure around the separated contact pair, inhibiting the back electron transfer. 23 In other words, the back electron transfer from the solvent-separated contact pair can be thought of as occurring in the Marcus inverted regime. The small wavelength dependence to the long-time decays in Fig. 4͑b͒ is consistent with this idea. Higher energy excitation produces contact pairs with a slightly higher degree of separation and thus a higher barrier for back electron transfer, leading to the observed slightly slower recombination dynamics. Overall, the best basic description of the CTTS process is that of the delayed ejection model with one modification: Electrons that do not undergo the direct recombination process of Eq. ͑5͒ end up in solvent-separated contact pairs, which can undergo thermally activated recombination on a time scale of hundreds of ps.
One question that remains is whether the distance that electrons are ejected during the CTTS process depends only on the amount of excess energy deposited. It is certainly possible that the featureless CTTS band of Na Ϫ is comprised of multiple overlapping transitions. This leads to the possibility that as the excitation wavelength is changed, a different fraction of each transition is being excited, causing electrons to be ejected at different distances. To investigate this possibility, we performed intensity-dependent pump-probe experiments on Na Ϫ , the results of which are shown in Fig.  5 . The squares in Fig. 5͑a͒ show the change in absorption at 2 m following low-intensity excitation at 800 nm. These photons have a low enough energy to ensure that nearly all the ejected electrons thermalize close enough to their geminate partners to recombine directly in р2 ps. The triangles in Fig. 5͑a͒ show similar low-intensity data taken using 395-nm excitation. The solid lines through these two sets of data in Fig. 5͑a͒ are multiexponential fits to the data. The circles show the results of an experiment monitoring the solvated electron absorption following high-intensity excitation at 800 nm. It is clear that at high excitation intensity, the relative weight of fast geminate recombination with the Na atom partner decreases. This is undoubtedly a signature of twophoton absorption becoming important at high pump fluences.
We can describe the effects of this two-photon absorption at high intensities in a straightforward way. The dashed line through the high-intensity transient in Fig. 5͑a͒ is a fit to a linear combination of the fits to the low-intensity data for both 800-and 395-nm excitation ͓solid lines in Fig. 5͑a͔͒ . We performed similar experiments at a variety of excitation intensities, and in every case the simple linear combination fits the data remarkably well. Figure 5͑b͒ summarizes the results of these experiments, plotting the fraction of the two- FIG. 5 . ͑a͒ Dynamics of the solvated electron's absorption probed at 1850 nm following femtosecond excitation of Na Ϫ in THF at 800 nm with low intensity ͑squares͒, 395 nm with low intensity ͑triangles͒, and at 800 nm with high intensity ͑circles͒. The fit to the high-intensity data ͑thin dashed line͒ is a linear combination of the fits to the low-intensity data ͑thin solid lines͒; see text for details. ͑b͒ Fraction of the fit to the high-intensity data ͑two-photon contribution͒ as a function of pump intensity. The circled point near 2 J excitation intensity with ϳ30% two-photon contribution corresponds to the high-intensity data shown in Fig. 5͑a͒ . The lines connect the data points and are drawn to guide the eye.
photon component of the fit ͑i.e., the fraction of the linear combination coming from the fit to the 395-nm data͒ as a function of excitation intensity. At low intensities the CTTS excitation is clearly in the one-photon regime, but at higher intensities above a few hundred nJ/pulse ͑with a ϳ300-m diameter spot size͒, two-photon excitation is becoming increasingly important. By using the data in Fig. 5͑b͒ and the expected intensity-squared dependence for two-photon absorption, we can determine the two-photon absorption cross section of Na Ϫ at 800 nm to be ϳ10 10 cm 4 /͑J mol͒, a surprisingly large value. We emphasize that with the exception of the circles in Fig. 5͑a͒ , all the pump-probe transients on Na Ϫ shown in this paper were taken with pump pulse energies below 200 nJ, safely out of the regime where twophoton absorption is important. Overall, the results in Fig.  5͑b͒ lead us to conclude that two-photon excitation at 800 nm produces the same recombination dynamics as singlephoton excitation at 395 nm: The electron ejection distance depends only on the excitation energy, and not on whether it is provided by one 395-or two 800-nm photons.
We close this section by verifying that the conclusions we have drawn by measuring the dynamics of the solvated electron near 2 m also hold when investigating the other species involved in the CTTS process. We know from our previous work that the bleach of the Na Ϫ ground state can be detected most cleanly to the blue of 500 nm, where neither the Na Ϫ * excited state nor the Na 0 product strongly absorb.
32 Figure 6͑a͒ compares the recombination dynamics of the solvated electron ͑open diamonds͒ to the bleach recovery of the Na Ϫ ground state ͑dashed curve͒. The two transients clearly agree within the signal-to-noise, showing that the same recombination events that decrease the absorbance of solvated electrons cause the bleach of the ground state to recover, indicating that recombination leads to reformation of ground-state Na Ϫ . Figure 6͑b͒ makes a similar comparison between the dynamics of the solvated electron ͑open diamonds͒ and that of the neutral sodium atom product probed at 1150 nm ͑solid curve͒. As expected, the transients are in excellent agreement, supporting the idea that the ejected electrons combine only with Na atoms and not with any scavengers that might be present in solution. Overall, the data in Fig. 6 verify that our basic picture of both the spectroscopy and the dynamics of the Na Ϫ system is fundamentally correct.
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IV. DISCUSSION
In this paper, we have explored the mechanisms of electron production and recombination in THF both for multiphoton ionization of the neat solvent and for electron detachment via the CTTS transition of Na Ϫ . The recombination of solvated electrons produced via multiphoton ionization of neat THF can be well described by a simple diffusive model. The recombination of solvated electrons ejected via CTTS detachment of Na Ϫ , on the other hand, takes place on two distinct time scales of р2 and ϳ200 ps with kinetics that cannot be adequately fit by simple diffusive models, leading us to postulate the presence of both directly overlapping and solvent-separated Na atom:solvated electron contact pairs to explain the observed dynamics. The dramatic differences in recombination remind us that the electron generation mechanisms are fundamentally different for the two processes. Multiphoton ionization causes ejection of electrons into the equilibrium structure of the fluid. Since the fluid is isotropic, the only preference the electron has for localizing either close to or far from its parent is determined by the amount of excess energy provided during the ionization process. Excitation of the CTTS band, in contrast, results in an electron transfer reaction. The electrostatic interaction between the electron and the parent nucleus is not sufficient to bind the CTTS excited state; the favorable interactions between the electron and the local solvent structure established by the parent anion are also required. Photoexcitation disrupts the local solvent environment, which leads to ejection of the excited electron. The solvent motions that lead to ejection, however, must stabilize both the neutral atom and the solvated electron, leading to formation of a stable neutral atom: solvated electron contact pair. Thus, the differences in the two processes serve to emphasize that CTTS is an inherently local phenomenon controlled by the details of solvent motions in the immediate vicinity of the parent ion, while multiphoton ionization produces a delocalized electron whose wave function is largely unaffected by the solvent before undergoing localization.
For the case of multiphoton ionization of neat THF, we found it difficult to eject electrons at energies just above the ionization threshold. At all three excitation wavelengths we selected, the ejection process used one more photon than that minimally required to ionize the solvent. This leads us to conclude that there is a broad continuum of excited states in the THF molecule near the ionization threshold of ϳ8.5 eV, providing intermediate levels that resonantly enhance the absorption of the last photon in the multiphoton ionization pro- cess. As a result, when the different numbers of photons absorbed are accounted for, the multiphoton absorption process at all the excitation wavelengths we selected for this study provided about 12.5 eV of energy, leaving ϳ4 eV of excess energy for the ejected electrons. Fits to a standard diffusion model suggest that the ejected electrons localize у40 Å from their cation partners, and can recombine when they diffuse to within ϳ10 Å. In a similar study on liquid water, Crowell and Bartels found that with ϳ4 eV of energy above the ionization threshold, the mean thermalization distance of the ejected electron was ϳ35 Å with a reaction distance of ϳ5 Å. 15 The fact that the reaction distance in THF is twice that in water is consistent with the fact that the spatial extent of the solvated electron in THF is nearly double that of the hydrated electron. The thermalization distance in THF is comparable to that seen in water, indicating that excess energy plays a similar role in the electron ejection process in both fluids.
The large thermalization distances we observe for electrons ejected via multiphoton ionization of THF preclude the possibility of rapid geminate recombination, as had been assigned in previous studies of multiphoton ionization of nonpolar fluids. 9 The fast absorption decays we observe in the visible region of the spectrum do not match the kinetics measured for the solvated electron at ϳ2 m, and therefore cannot be assigned to geminate recombination. While dynamic solvation or vibrational cooling could explain the observed absorption changes in the visible, it is unlikely that either of these processes would lead to the observed order of magnitude decrease in absorbance at 575 nm. Instead, we believe the most likely explanation of the visible absorption dynamics is a chemical reaction involving the THF radical cation, possibly a hydrogen-atom abstraction reaction with a nearby THF molecule. The data we have presented do not rule out the possibility that fast geminate recombination could occur in THF or similar fluids if the ionization were near threshold, but the only unambiguous signature of this would be a rapid decay of the solvated electron's characteristic infrared absorption.
For the CTTS transition of Na Ϫ , excitation of one of the outermost electrons in the Na 3s orbital produces a localized, p-like excited state. The electronic wave function of this distorted p state samples only the nearby fluid, so the solvent motions that ultimately lead to charge transfer after ϳ700 fs can expel the electron only into a nearby cavity, just a few angstroms away. If the ejected electron's wave function overlaps its geminate Na atom partner, direct nonadiabatic recombination occurs within 2 ps. At higher excitation energies, the excited state wave function can sample regions farther into the liquid, leading to the possibility of ejection far enough away to form a solvent-separated contact pair. In this latter case, the process of breaking up the solvent structure around both the Na atom and the solvated electron creates a large free energy barrier to recombination, so that the back electron transfer occurs on a time scale of hundreds of picoseconds. The distance the electron is ejected from the CTTS excited state correlates only with excess energy; it does not matter, for example, whether the excitation uses one 395-nm photon or two 800-nm photons.
The idea of producing a stable contact pair following detachment of an electron from a solute 30 has also been invoked in related experiments on aqueous systems. Bradforth and co-workers noted that following CTTS detachment from aqueous iodide, geminate recombination takes place on a tens of picoseconds time scale. 28 The recombination decays did not fit to standard diffusive models; like what we saw for the long-time recombination in the Na Ϫ system, the fits to the iodide data produced reaction distances and thermalization lengths that were unphysically large. Thus, Bradforth and co-workers concluded that the electrons ejected from CTTS excitation of iodide do not recombine diffusively and are instead localized close by in a contact pair. 28 In the photoionization of indole in water, Kohler and co-workers noted that following electron detachment there was essentially no geminate recombination. 23 Since the excitation energy in their experiments was expected to be just above the ionization threshold, these workers concluded that the ejected electrons were localized in a contact pair with a barrier for recombination that is large compared to kT at room temperature. 23 Overall, the results of all these related experiments suggest that for the localized excitation of a solute, the solvent motions that solvate the photoionized parent species and lead to electron detachment intrinsically tend to produce stable solvated electron:geminate partner contact pairs.
The relative rates at which recombination occurs in these different examples of electron detachment can be rationalized by considering the structure of the solvated electron in different environments. In the iodide CTTS system, the compact form of the hydrated electron makes it unlikely that there will be any direct overlap of the detached electron's wave function with its geminate iodine atom partner. This explains why the direct recombination observed on the ϳ2-ps time scale in the Na Ϫ /THF system is absent in the case of aqueous iodide. Once the electron is ejected from iodide, half of the stability of the contact pair involves the hydrophobic hydration of the nonpolar iodine atom. Since solvation of a nonpolar species in water is energetically unfavorable, the barrier for breaking up the solvent structure around the iodine atom to initiate recombination of the contact pair is small, so recombination proceeds within tens of ps. 28 For the Na Ϫ system, the nonpolar Na atom should be quite favorably solvated by the weakly polar THF solvent. This means there is a somewhat larger barrier to break up the solvent-stabilized contact pair in the Na Ϫ system than in the iodide system, leading to the observed recombination dynamics on the hundreds of picoseconds time scale. Finally, in the indole work of Kohler and co-workers, the contact pair consists of an indole radical cation adjacent to the hydrated electron. The barrier to break up the solvent structure around two ions in water is expected to be quite large, so that essentially no recombination can take place at room temperature. 23 The contact pairs in all these systems consist of a solvated electron separated by ͑at least͒ one solvent molecule from its solvated geminate partner. This makes it very unlikely that the electron and its geminate partner interact strongly enough to cause a significant perturbation in the electronic structure of either species. In other words, we expect that the absorption spectrum of the contact pair is at most only subtly different from the sum of the absorption spectra of the isolated partner and solvated electron. In the previous aqueous work on both iodide 28 and indole, 23 the measured spectrum of the hydrated electron in the contact pair was identical within the experimental accuracy to the spectrum of an isolated hydrated electron. The delayed ejection model we used to describe the kinetics of the Na Ϫ system provided an excellent fit to the data assuming that the spectrum of the contact pair is simply the sum of the spectra of the equilibrium neutral sodium atom and the solvated electron. 54 This view of solute-electron contact pairs as a kinetically important but not spectroscopically distinct species differs from that proposed elsewhere in the literature: Experiments that excited the CTTS transition of aqueous halides by multiphoton ionization claim to have found kinetic evidence for several spectroscopically distinct contact pairs. 26 The multiphoton excitation used in these other experiments, however, is more akin to multiphoton ionization of the solvent and thus is not likely to produce stable contact pairs, spectroscopically distinct or otherwise. The place where we anticipate that the proximity of the electron and its geminate partner will have the biggest spectroscopic effect is in the localization dynamics of the ejected electron. The solvent relaxation around the electron in a contact pair is quite likely to be different from that of a free solvated electron. This type of phenomenon is difficult to see in weakly polar fluids like THF where the broad, featureless spectrum of the solvated electron results in identical kinetic traces throughout the absorption band. In aqueous systems, however, it might be possible to distinguish the formation dynamics of a free hydrated electron from that of an electron localizing in a contact pair. 28 Finally, the time scale of the fast geminate recombination in the Na Ϫ /THF system allows us to speculate on the nature of the Na 0 species. It is not immediately clear if this species is better identified as a solvated neutral sodium atom or a solvated electron:sodium cation contact pair ͑the difference being whether or not the center of mass of the electron coincides with the sodium nucleus or with an adjacent cavity in the solvent͒. 53 The presence of the direct recombination channel on the ϳ1.5-ps time scale argues that a solvated neutral atom is likely the better description. Figure 6 makes it clear that recombination produces an immediate loss of the Na 0 signal and an immediate recovery of the ground state bleach. If the partner species consisted of a separated sodium cation and solvated electron, then recombination to re-form the Na Ϫ parent ground state would require a three-body event: Both electrons would have to recombine simultaneously with the sodium cation. Since this type of recombination is unlikely ͑although not impossible͒, and since the spectrum of the Na 0 species does not appear to change with time, we believe that this entity is best described as a solvated neutral sodium atom.
